Abstract The response of West African climate zones to anthropogenic climate change during the late 21st century is investigated using the revised Thornthwaite climate classification applied to ensembles of CMIP5, CORDEX, and higher-resolution RegCM4 experiments (HIRES). The ensembles reproduce fairly well the observed climate zones, although with some notable discrepancies. CORDEX and HIRES provide realistic fine-scale information which enhances that from the coarser-scale CMIP5, especially in the Gulf of Guinea encompassing marked landcover and topography gradients. The late 21st century projections reveal an extension of torrid climates throughout West Africa. In addition, the Sahel, predominantly semi-arid in present-day conditions, is projected to face moderately persistent future arid climate. Similarly, the Gulf of Guinea shows a tendency in the future to experience highly seasonal semi-arid conditions. Finally, wet and moist regions with an extreme seasonality around orographic zones become less extensive under future climate change. Consequently, West Africa evolves towards increasingly torrid, arid and semi-arid regimes with the recession of moist and wet zones mostly because of the temperature forcing, although precipitation can be locally an important factor. These features are common to all multimodel ensembles, a sign of robustness, with few disagreements in their areal extents, and with more pronounced changes in the higher-resolution RCM projections. Such changes point towards an increased risk of water stress for managed and unmanaged ecosystems, and thus add an element of 
Introduction
Global warming induced by increased anthropogenic greenhouse gas (GHG) forcing will substantially alter West African regional climate conditions. 21st century projections from both Global Climate Models (GCMs) and Regional Climate Models (RCMs) indicate reduced warming along the Gulf of Guinea and orographic zones and greater warming in the Sahel and the Sahara desert (Sylla et al. 2010; Diallo et al. 2012 ). In addition, mean precipitation changes and trends exhibit complex, seasonally varying spatial patterns from the Gulf of Guinea to the Sahel and from the orographic areas to the flatter regions, with substantial variability across models (Paeth et al. 2011; Laprise et al. 2013; Abiodun et al. 2013; Mariotti et al. 2014) .
Investigating how these combined temperature and precipitation changes will affect the climate characteristics of West Africa requires a multivariate approach. Climate classifications integrate the influence of energy and moisture in order to define the climate type of a region, and are thus well-suited tools for this purpose. Indeed, different methods of climate classification have been used in previous studies to assess climate change (e.g., Gao and Giorgi 2008; Teichmann et al. 2013; Elguindi et al. 2014) . Most of these studies are based on GCMs and/or are mainly undertaken at the global level, and thus do not provide detailed information for West Africa, a region where ecosystems and croplands are extremely vulnerable to climate shifts. However, the growing and more coordinated use of RCMs, such as in the COordinated Regional climate Downscaling EXperiment (CORDEX; Giorgi et al. 2009 ), provides an increasingly useful resource to generate climate projections at scales closer to those needed in impact assessment studies.
In addition, information on projected climate types over West Africa can help policymakers to develop strategies for the most vulnerable areas. For example, a shift from wet to semi-arid conditions may cause species migration and/or extinction along with increased water stress on managed and unmanaged ecosystems (Colwell et al. 2008; Carr et al. 2014) . Thus the development of species more resilient to hotter and warmer climates or the implementation of sustainable practices, such as climate-smart agriculture, would be required in order to mitigate the effects of climate change (Loarie et al. 2009; Campbell et al. 2014) .
Based on these considerations, here we employ the revised Thornthwaite climate classification to investigate the response of West African climate types to future anthropogenic climate change projections based on multiple data sources: ensembles of GCM projections from the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al. 2012) , RCM projections from CORDEX, and higher-resolution RegCM4 (Regional Climate Model version 4; Giorgi et al. 2012 ) simulations over West Africa (HIRES; Sylla et al. 2015) . The analysis of multimodel ensembles constitutes a good approach for identifying robust responses Dosio et al. 2015; Buontempo et al. 2015; Gbobaniyi et al. 2014; Klutse et al. 2015) . For example, it enables us to address issues such as the sensitivity to ensemble size and resolution, the effect of local forcings (topography, coastlines) or the sub-regional variability of responses. In particular, a central goal of this study is to assess the degree to which the different datasets agree in projecting shifts of specific climate types (agreement that constitutes an element of robustness) and the extent to which climate change intensifies the aridity of West Africa regions.
Data and methodology

Data description
Ensembles of CMIP5 GCM, CORDEX RCM and HIRES RegCM4 experiments are used to evaluate the response of West African climate zones to climate change over the domains shown in Fig. 1 . These include the CORDEX-Africa (Giorgi et al. 2009 ) and the HIRES (i.e., Browne and Sylla 2012) domains, along with two small subregions (Sahel and Gulf of Guinea) and a West Africa region. The list of GCMs and RCMs used in this study are presented in the Electronic Supplementary Material 10 (ESM 10) Table 1 . The CORDEX RCMs are integrated over the whole African domain with a grid interval of 50 km, while in the HIRES runs RegCM4 dynamically downscales three CMIP5 GCMs at a grid interval of 25 km. For more detailed information on the CMIP5, CORDEX and HIRES experimental set-ups, the reader is directed to Taylor et al. (2012) , Jones et al. (2011) and Sylla et al. (2015) , respectively. Different ensembles are built from these datasets to assess the impact of ensemble size and model resolution. For CMIP5, an ensemble is based on all the models shown in ESM 10 Table 1 (hereafter referred as CMIP5_12M), a second one is based on the 3 GCMs which drive HIRES (CMIP5_3M) and a last one is based on the 8 GCMs driving the CORDEX RCM ensemble (CMIP5_8M). For CORDEX, one ensemble is based on all models of ESM 10 Harris et al. 2014 ) are used to evaluate the experiments for present day conditions. Although several precipitation datasets are available for Africa, which are characterized by substantial differences (Nikulin et al. 2012; Sylla et al. 2013a) , the UDEL and CRU are the only ones including both temperature and precipitation for the second half of the 20th century, and thus are used here to maximize internal consistency across these two variables. The possible sensitivity of the results to different precipitation data is however acknowledged.
Methodology
We apply the revised Thornthwaite climate classification described in detail by Feddema (2005) to the monthly climatologies of CMIP5, CORDEX and HIRES based ensembles over the West Africa domains (e.g., Fig. 1 ). This classification simplifies the original Thornthwaite one and provides several advantages and improvements compared to the Koppen method (see Feddema 2005; Elguindi and Grundstein 2013) . It includes both moisture and thermal indices and considers six categories for each (see ESM 10, Table 2 ). The different combinations between the thermal types and the moisture types result in 36 possible climate types. The moisture index is based on a modified version of the original index in Thornthwaite and Mather (1955) (see ESM 11) . For the thermal index, potential evapotranspiration (PE) formulas from both Hamon (1963) and Thornthwaite (1948) (see ESM 11) are calculated, and the one leading to more consistent results is used to assess the projections (see below).
A further derived variable is the seasonality index, which quantifies the degree of seasonal variation of the climate zones. This is calculated for each climate type as the annual range (AR) of monthly moisture index values. Following Feddema (2005) , four categories are identified: low (AR between 0.0 and 0.5), middle (AR between 0.5 and 1.0), high (AR between 1.0 and 1.5) and extreme (AR between 1.5 and 2.0) seasonality. Finally, in order to assess whether this seasonality is caused by temperature, precipitation or a combination of both, the ratio is calculated between the annual range of monthly precipitation to that of the PE. The thermal conditions-based seasonality occurs when this ratio is smaller than 0.5 (i.e., PE varies at least twice as much as precipitation); the moisture conditions-based seasonality corresponds to a ratio greater than 2.0 (i.e., precipitation varies more than twice as much as PE); and a ratio between 0.5 and 2.0 indicates a seasonality caused by the combination of both indices.
Shifts in climate zones, the degree of seasonality for each climate type as well as the cause of this seasonality are examined for the late 21st century (2080-2099) with respect to the present day, or reference, period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) under two Representative Concentration Pathways scenarios (RCP4.5 and RCP8.5; Moss et al. 2010 ) and each of the multimodel ensembles from CMIP5, CORDEX and HIRES. Particular attention is given to the degree to which the different datasets agree in projecting shifts for a particular climate type, and the extent to which the finer resolution (CORDEX and HIRES) experiments provide added useful detail compared to the CMIP5.
Results
Reference period (1985-2004)
The climate classification applied to the UDEL, CMIP5, CORDEX and HIRES ensembles (using both Thornthwaite and Hamon PE) during the reference period are intercompared in Fig. 2 . Results based on CRU data are not shown in the figure, as they provide similar climate zones compared to the UDEL-based ones (see ESM Fig. S1 ). Climate types based on UDEL observations ( Fig. 2a and b) show that most of West Africa experiences a torrid climate, with a north-south moisture gradient from dry in the flatter terrains of the Gulf of Guinea to semi-arid in the Sahel and arid in the northernmost Sahel regions and the Sahara desert. Only few orographic areas are characterized by a warm and wet climate at the orographic peaks and moist in the surrounding regions. These are associated with the interactions of humid monsoon flow and orographic uplift over the Guinea Highlands and the Cameroon Mountains. The CMIP5 multimodel ensemble exhibits substantial biases in both the thermal and moisture conditions. This is clearly noticeable in ESM Figs. S2 and S3, which shows separate maps of ensembles using all models. Abbreviation definitions are: T Torrid, H Hot, W Warm, Cl Cool, Cd cold, F Frigid thermal and moisture types. In fact, a hot climate is simulated in the Gulf of Guinea with wet conditions in the mountainous areas and moist conditions in the flatter terrains, while in the southern Sahel a hot/warm and dry climate is shown. The CORDEX and HIRES multimodel ensembles provide similar reference climate regime patterns, and show a clear improvement compared to the coarser CMIP5 multimodel ensemble. In particular, they capture better the north-south gradient of the variations in climate type and exhibit more fine-scale structures tied to local landcover and topography. However, some biases are still present also in these ensembles, mainly in the thermal indices and in the Gulf of Guinea and the Sahara desert, likely due to an underestimation of temperature. Some differences also occur between the CORDEX and HIRES ensembles. First, a better representation in HIRES of the torrid and semi-arid Sahel band extending to northern Ghana as in the UDEL-derived types is found. Second, HIRES tends to produce wetter types than CORDEX and UDEL in some of the coastal regions of the Gulf of Guinea, evidently in response to greater precipitation amounts at its higher resolution. It should be emphasized that for both the observations and the multimodel ensembles, the spatial patterns of climate types are similar south of 20 N using either the Thornthwaite or the Hamon PE. However, in the Sahara desert, in the two cases using the CRU and UDEL observations, the Hamon method produces patterns of torrid-arid climate zones more consistent with each other. The Hamon PE is thus used for the rest of the analysis.
For a more quantitative assessment of the performance of the ensembles, Fig. 3 shows the percentage of areas occupied by each moisture type for the reference period in the two subregions and the West African domain and for the different ensemble sizes. Note that we focus in Fig. 3 only on the moisture types as the thermal ones do not show a large spatial variability. Data from both the UDEL and CRU observations are included, confirming that the Gulf of [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] for (a, b, c): UDEL and CRU observations and each multimodel ensemble using all models; (d, e, f) the same data but with CMIP5 and CORDEX using the 3 GCMs that drive HIRES, (g, h, i): the same data but with CMIP5 using 8 models that forced CORDEX Guinea is mostly covered by dry and moist climates, with about 50 and 30 % cover, respectively, while the Sahel faces mostly semi-arid (45 %) and arid climates (41 %). For the whole West Africa, arid climates dominate but wet, moist, dry and semi-arid conditions are also present at proportions of 16 to 20 %. We also note that the CRU and UDEL observations provide very similar values of climate zones extent over the region.
Compared to the observation-based estimates, the CMIP5 multimodel ensembles using different numbers of GCMs (Fig. 3a, d and g ) greatly overestimate the areas of moist conditions (59-74 %) in the Gulf of Guinea (largest in CMIP5_3M) at the expense of dry climate (10-16 %). In addition, the GCM ensembles overestimate the amount of dry areas and underestimate the extension of arid regions in the Sahel. In general, CORDEX (all ensembles) and HIRES improve the distribution of the moisture types compared to CMIP5, especially in the Gulf of Guinea encompassing complex topography and sharp gradients. In addition for each region, qualitatively similar dominant climate types are found across sub-ensembles of different sizes within the CMIP5 and CORDEX. HIRES generally provides the best performance in simulating the relative area of dry, semi-arid and arid climates, but overestimates the wet and saturated climate extent, which reside mostly in mountainous areas and their surroundings. Therefore, their more extended spatial distribution in HIRES originates from a finer representation of topographical gradients and the persistent orographic forcing on precipitation simulated by RegCM4 at its higher resolution (Torma et al. 2011; Sylla et al. 2012) .
In summary, the various multimodel ensembles using different numbers of models generally reproduce the spatial distribution and the location of the different climate zones of West Africa, and quantitatively capture the dominant moisture types in the different subregions, although with some discrepancies compared to observation-based estimates. Furthermore, CORDEX and HIRES show a prevailing improvement compared to the CMIP5 ensembles in the representation of spatial gradients and percent occurrence of different climate types.
Future changes (2080-2099)
Projected climate types based on the RCP4.5 and RCP8.5 scenarios using the Hamon PE are shown in Fig. 4 for the ensembles of CMIP5, CORDEX and HIRES using all the models shown in ESM 10 Table 1. Projected changes using different sub-ensembles are reported in ESM Figs. S6 and S7. The various ensembles project consistent future increases in torrid climate extent over most of West Africa and similar future moisture conditions that follow a well defined north-south gradient altered by both the landcover and topography (more evident in Figs. S4, S5 and S8 of ESM). For instance, they exhibit a prevalent arid climate type in northern Sahel and the Sahara desert, a southward shift of the semi-arid band located over the Sahel, and less extensive wet and moist climates around orographic areas and the Gulf of Guinea coastlines. However, substantial differences are present across the ensembles in the projected areal extent and distribution of some climate types, especially for the RCP8.5 scenario. In this case, for example, compared to CMIP5, the semi-arid band is more developed in CORDEX and occupies most of northern Ghana, while it is further shifted southward and more extended to cover most of the flatter terrains of the Gulf of Guinea in the HIRES simulations. In addition, compared to CORDEX and HIRES, the moist conditions around orographic regions are more extended in CMIP5. The use of different sub-ensembles does not lead to substantial differences within the CMIP5 GCMs (see ESM Figs. S6 and S7). However, when considering the CORDEX ensemble with only experiments downscaling the GCMs used to drive the HIRES experiments (CORDEX_3M), this CORDEX sub-ensemble and the HIRES ensemble show similar climate shifts for both RCP4.5 and RCP8.5 (see ESM  Fig. S6 ). It is thus clear that although the multimodel ensembles share most basic characteristics of the future climate type, few disagreements across sub-ensembles are found in some areas of the northern Sahel, parts of the southern Gulf of Guinea and portions of the orographic zones. It should be noted that the ratio between the change in precipitation and change in PE is always smaller than 1 (i.e., ESM Fig. S8 ), indicating that the primary driver of the changes in climate type is temperature, although precipitation changes can be important locally.
For a more quantitative assessment of the change in areal extents, we only focus on the moisture types, as all West Africa undergoes changes towards torrid thermal conditions. Figure 5 shows the changes in fractional cover of moisture types over the different subregions and West Africa for all ensembles using different numbers of models. First, we note that the same sign of change is found across all sub-ensembles of the same model ensemble. Second, in some cases, differences in the sign of change occurs between the CMIP5 and the CORDEX and HIRES ensembles, such as for example over the dry and semi-arid areas of the Gulf of Guinea and the Sahel, respectively. This is likely a consequence of the large underestimation of dry areas and overestimation of moist areas over these regions by CMIP5 during the reference period (see Fig. 3a, d and g ). Therefore, the wet bias in CMIP5 appears to limit the intensification of future dry conditions over the Gulf of Guinea. Conversely, the sign of change agrees between the RCM-based CORDEX and HIRES ensembles, although the magnitude of the change is mostly greater in the HIRES and in the Fig. 4 Distribution of climate types for reference period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) ; left panels), future RCP4.5 (2080-2099; middle panels) and RCP8.5 (2080-2099; right panels) for the CMIP5 (a, b and c), CORDEX (d, e and f) and HIRES (g, h and I) ensembles using all models. Abbreviations definition: T Torrid, H Hot, W Warm, Cl Cool, Cd cold, F Frigid RCP8.5 than the RCP4.5 scenarios. In all regions and for all ensemble sizes, we find a consistent shift towards more semi-arid and arid climate types. For example, over the Sahel the increase in arid areal coverage during the late 21st century ranges from 5 to 32 % depending on the ensemble size and the RCP forcing (i.e., Fig. 5 ). Along the Gulf of Guinea, semi-arid conditions gain 2 to 45 % of areal extent, while for the whole West Africa, a shift towards more semi-arid (increase of 2 to 16 % of areal extent) and arid (increase of 2 to 13 % of areal extent) regimes is projected consistently across all ensembles. The shifts are generally more pronounced in the HIRES and the RCP8.5 cases, except for the semi-arid areal extent in the CORDEX_3M. Figure 6 provides an assessment of climate type seasonality in the reference period (see also ESM Fig. S9 ) along with the associated future changes for the different ensembles (using all models in ESM 10 Table 1 ) and scenarios. It also shows whether this seasonality and its change are caused by precipitation and/or temperature. For both the observations (i.e., CRU and UDEL in ESM Fig. S9 ) and the reference period, the multimodel ensemble experiments show a low seasonality driven essentially by temperature in the Sahara desert, indicating that its torrid-arid climate tends to be persistent throughout the seasonal cycle. In addition, in the transition zone between the Sahara and the Sahel, a medium seasonality due to the combination of both temperature and precipitation occurs. Conversely, the flatter terrains of the Sahel and Gulf of Guinea are characterized by a high seasonality, while an extreme seasonality occurs along the Intertropical Convergence Zone (ITCZ) and around orographic regions as a result of a pronounced precipitation annual cycle (Sylla et al. 2013b; Diallo et al. 2014) . These are common to all datasets, both derived from observations and the multimodel ensembles, with few discrepancies across the simulation-derived products. For instance, the : 1985-2004) in the percent of areas (in area percent) occupied by each moisture type for different sub-regions and West Africa for RCP4.5 (cross hatched) and RCP8.5 (solid fill) from (a, b, c): each of the multimodel ensemble using all models; (d, e, f) the same data but with CMIP5 and CORDEX using the 3 GCMs that drive HIRES, (g, h, i): the same data but with CMIP5 using 8 models that forced CORDEX CMIP5 ensemble further extends the area of extreme seasonality along all the ITCZ compared to observation estimates, while HIRES exhibits such seasonality also along the Gulf of Guinea coastlines.
For the late 21st century, the low seasonality slightly extends further south in the transition region between the Sahara and the Sahel following the southward displacement of the torridarid climate zone. As a consequence, the northern Sahel shifts from high to medium seasonality as the arid conditions extent increases, while the southern Sahel and Gulf of Guinea continue to experience a high seasonality with predominant semi-arid climate. The most prominent feature projected by all the ensembles is the reduction in areal extent for the extreme seasonality type, which tends to be concentrated in the mountainous areas where dry and moist climates dominate. These reductions are more evident in CMIP5 compared to CORDEX and HIRES.
Summary and conclusions
In this paper, we analyze the impact of anthropogenic climate change on the shift of different climate zones over West Africa for the late 21st century (2080-2099) with respect to the reference period (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) under two RCP forcing scenarios (RCP4.5 and RCP8.5). To this end, the revised Thornthwaite climate classification was applied to three multimodel and f) and HIRES (g, h and I) ensembles using all models. The Bdots^(.) is for seasonality caused by temperature, the Bstars^(*) for seasonality caused by both temperature and precipitation and the Bplus^(+) for seasonality caused by precipitation ensembles of projections: CMIP5 (GCM-based), CORDEX and HIRES (both RCM-based). The impact of the ensemble size and the degree and cause of seasonality are also investigated.
The climate types in the reference period from all multimodel ensembles are generally in line with observation-based estimates, although discrepancies with these estimates are found mostly in the thermal types due to different temperature biases in the models. The CORDEX and HIRES ensembles show a better agreement with the observation-based estimates than the CMIP5 one, and simulate a more detailed representation of the different climate types tied to both regional landcover and topography. These are illustrations of the added-value achieved with the higher resolution RCMs in CORDEX and HIRES.
Projected climate changes in the different ensembles exhibit similar broad scale future shifts of climate types but with some differences in magnitudes, areal extent and sign across models and between the CMIP5 and CORDEX/HIRES. In particular, the highest resolution HIRES ensemble shows the most pronounced changes. Overall, the three ensembles indicate that during the late 21st century the torrid thermal type extends to almost all of West Africa, while the arid moisture type shifts southward to the northern Sahel and the semi-arid band moves towards the lower latitudes of the Gulf of Guinea. Consequently, the Sahel becomes more arid and the Gulf of Guinea semi-arid with the recession of wet and moist climate zones. Such a shift in climate zones is simulated by all multimodel ensembles and sizes, but larger shifts are found in the higher resolution RCM based estimates, especially HIRES. We finally find a general decrease in seasonality of climate types, especially because of the increase in very arid areas, with this trend being more pronounced in the CMIP5 GCMs than the CORDEX and HIRES RCMs.
Our analysis clearly indicates that anthropogenic climate change will substantially modify the distribution of climate zones over West Africa during the late 21st century, in particular towards more semi-arid and arid conditions characterized by a lower seasonality. This modification is largely due to the temperature forcing, as the contribution of precipitation change is comparatively smaller. As climate has a pervasive influence on many managed and unmanaged ecological systems, this alteration can disrupt agricultural activities and cause shifts in biological communities and entire ecosystems. For example, some plants in the Sahel growing in semi-arid climates will have to cope with arid conditions or move towards the Gulf of Guinea, and species in wet and moist areas will tend to migrate towards orographic zones. In addition, adaptation practices in water management and agriculture will need to be designed and implemented to cope with the increased water stress and reduced seasonality foreseen throughout the region, whose increasing trend of population will intensify water resources and food security needs.
Our results thus point towards the need of elaborating robust, ensemble-based, climate change projections and related impact/adaptation assessment studies for this highly vulnerable region of Africa. In particular, increased resolution appears to provide substantially enhanced information on the magnitude and patterns of change in climate types over the region, and this calls for a sustained use of RCMs and high resolution GCMs to enhance the reliability of climate change projections over West Africa.
